Small Circular DNA Viruses:

The muddy viral “playground” of recombinant, reassortant, and
highly diverse viruses
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Switching between templates
during replication

High success rate in fixing
mutation by recombination
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@® — Anelloviridae — circular (~2.1 - 3.8kb)
Bacillidnaviridae - circular (~4.5 - 6kb)
@ Circoviridae — circular (~1.6 - 2.3kb)
®  Geminiviridae — circular (~2.7kb; monopartite, bipartite, associated with a/3 satellites)
® @ Genomovirdae — circular (1.8 -2.3 kb)
Inoviridae — circular (~5.8 - 8.7kb)
Microviridae — circular (~4.5 - 6kb)
@® ————— Nanoviridae — circular (~1.2kb; multicomponent viruses; associated with satellites)
® @  Parvoviridae — linear (~3.7 - 6kb)
Pleolipoviridae™ — circular ssDNA; circular dsDNA or liner dsDNA (7-16kb)
@ Smacoviridae™ - circular (2.3 - 2.9kb)
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Geminiviridae

Genomoviridae

Bacilladnavirus

RC endonuclease domain SH3 domain
Motif | Motif Il Motif 11 Walker A Walker B Motif C  Arg finger

Bacilladnavirus m\l7 %A\I,NYW( GAAGGT GK'lTIgAM ﬁEF ﬂSN WM\!
Tree scale: 1 %9 Circoviridae Gircoviridae ﬁcg( @C%G(SR.E,A& w |ETSN Aﬂﬂ
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Alphasatellitidae &

Smacoviridae

E

Geminiviridae

0
O
0
=

>

<

Z

O
%
7

-+ ”ES’@E%
sEEEes

&
L
Nanoviridael J
LM
HR
HILETY

Genomoviridae g

F
i3

Smacoviridae

Nanoviridae/
Alphasatellitidae




in Rep

=
-
%
0
=

Ch

——

—————
Genomoviridae é g

Geminiviridae

e
—r —c =
=—r———

Endonuclease
tree

Bacilladnaviridae ——
CRESS1

1 L ——

Circoviridae

CRESS2

s

——

CcREsss | LT E———
CRESS-Rect

S

r{ —

—_—

RESSIE————

3 ———
crEsss E—————

| ==

—————
Nanoviridae/Alphasatellitidae

——————
CRESSRec2 [ —c_E=————

CRESS6

Circoviridae|

CRESS2

=

CRESS-Rec2
.

CRESS-Rec1

=
= CRESS4

CRESS5

=———— T smacovir

———

% Nanoviridae/Alph ellitidae

Helicase
tree

=—— Tt CResse




Geminiviruses

Parvoviruses
CPV: ~2x 104 - 8 x 10-5 subs/site/year (VP1; NS1)
PPV: ~3x 104 - 5x10-5 subs/site/year (VP1; NS1)

2 MSV: ~2 x 104 subs/site/year
@) SSRV: ~3 x 104 subs/site/year
-+ EACMV: ~1 x 10-3 subs/site/year
3 TYLCV: ~3 x 104 subs/site/year
e

8 Nanoviruses

S FBNYV: ~1 x 103 subs/site/year
N BBTV: ~3 x 104 subs/site/year
D L

O] Circoviruses

-— BFDV: ~2 x 10-3 subs/site/year
8 PCV-2: ~1 x 103 subs/site/year
O

-

P




Geminiviruses
Begomoviruses Q Q Bipartite ﬂ? Q Q ﬁ? Q

\\ 2\ ~
CRA CRB \ \\ \ \ N
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Becurtoviruses Capulaviruses Tumeurtoviruses
MMDaV AGmV TaGVA1
(BCTIV) o (EemLv) (TCTV) cepav @ m ®
Vi
/
B —

Monopartite DNA-A DNA-B
(TYLCV) (BGMV) (BGMV)

; ! ! ! ! z ? i = =
\ N ™~ \ \\ \ \\ CR _— e
\ \ - s traplss
Curtoviruses Grabloviruses Eragroviruses Mastreviruses Topocuviruses JmaV LaaV PgaV o possible trap/ss
(BCTV) GRBV (ECSV) (MSV) (TPCTV) [r—— sd
possible mp possible sd
g re— possible reg
unknown

aLRT branch support

® >095 cp [ P—
C

ne geminivirus ,: Rep
jijm\‘:m:

@ N
@ >0.8-0.95 MF18 W
- [MG001959] Polygala garcinii associated virus —
0283 Bean N aic virus - ®
® | I’O‘E— <C706535 Sida micrantha mosaic virus
—— FM87747 N CAsSava Mosaic Virus
' I— S F50237 Cot ) r B IT€ la TUS c—— / ‘
KR 131749 Mulberry mosaic dwarf associated virus =z
JQ920490 Citrus chlorotic dwarf associated virus 7
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I KM386645 Apple geminivirus \
o [ KX618694 Grapevine geminivirus A VzZ
[MG001958] Juncus maritimus associated virus L
_—._| X84735 Tomato pseudo-curly top virus S D —— —
MF072688 Tomato associated geminivirus 1 > ‘\ —_—
(GU456685 Turnip curly top virus ¢/ \v ¢

KC108902 Turnip curly top virus

KT388086 Turnip leaf roll virus \
° KT388088 Turnip leaf roll virus

[MG001960] Exomis microphylla associated virus =

[MG001961] Limeum africanum associated virus // ‘\‘\ j@-

KP410285 Beet curly top Iran virus
HQ443515 Spinach curly top Arizona virus "‘
GU734126 Spinach severe curly top virus Q.
- U49907 Hursemdwsl"} curly top virus

EU921828 Pepper yellow dwarf virus \
AF379637 Beet curly top virus “
DQ458791 Chickpea chlorotic dwarrf virus N ’\‘
o—I AF003952 Maize streak virus N
—— KJ437671 Axonopus compressus streak virus
EF536860 Wheat dwarf virus -

e o

0.5 amino acid substitutions per site 0.2 amino acid substitutions per site
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Mastreviruses
(MSV)
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— Simple recombinant

- Complex recombinant

Groups of unique
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[ ] Deletions

[] Unknown sequences

B Rearrangements/inversions
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Input
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MSYV sensitive maize MSYV resistant maize
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DNA-B Passion fruit chlorotic mottle virus
(BGMV) [MG696802]
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Gemimiviruses
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0.2 amino acid substitutions per site
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Babuvirus

Nanovirus

Banana bunchy top virus

DNA-R DNA-S DNA-M
1110 nt 1076 nt 1047 nt

Abaca bunchy top virus

DNA-N DNA-U3
1090 nt 1064 nt
DNA-R DNA-S DNA-M DNA-N DNA-U3
1099 nt 1078 nt 1076 nt 1073 nt 1059 nt
Cardamum bushy dwarf virus

DNA-R DNA-S DNA-M DNA-C DNA-N DNA-U3
1102 nt 1086 nt 1083 nt 1027 nt 1116 nt 1088 nt

Faba bean necrotic yellows virus

DNA-R DNA-S DNA-M DNA-C DNA-N DNA-U1
1003 nt 1006 nt 992 nt 999 nt 986 nt Doert

ORONONO,

Common region stem-loop
Common region major
Open reading frame

Non coding region

DNA-Uf1 DNA-Uf2
1080 nt 1078 nt

DNA-U2 DNA-U4
1020 nt 991 nt
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Banana bunchy top virus
mmm Common region stem-loop
DNA-R DNA-S DNA-M DNA-N DNA-U3 fmm= Common region major
1110 nt 1076 nt 1047 nt 1090 nt 1064 nt W Openreading frame
= Non coding region
Recombinant(s)  Sequence used Sequence used Breakpoint Methods P-value
to infer major to infer minor Begin—End
parent(s) parent(s)
Tonga-Ha'apai Tonga -Tonga'tapu  India DNA-M RGMCST 574 x10%2
Tonga-Vava'u Tonga-Ha'apai Pakistan 33934529
Australia India Tonga -Tonga'tapu DNA-M RGBMCST 5.69 x 107
Pakistan Tonga-Ha'apai DNA-C
3363-5388
Tonga Tonga -Tonga'tapu  Tonga -Tonga'tapu DNA-U3 RBST 6.94x10°
-Tonga'tapu 1140-2346

@ inferred major parent Methods R-RDP G-GENECONV B-Bootscan M-Maxchi C-Chimaera S-SiSscan T-3Seq

@ inferred minor parent

R U3 § M C N
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(O Non reassortant sequence
. Reassortant sequence
— No sequence available
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Banana bunchy top virus

DNA-R DNA-S DNA-M DNA-N DNA-U3
1110 nt 1076 nt 1047 nt 1090 nt 1064 nt
Inter component recombination Intra component recombination
DNA-M m  —— —_—
CR-SL CR-M CR-SL CR-M
141575 AU —— 16
100 (397957671 TO i .
JFS57672 TO I
JF957664 TO - =
100 k- JF957661 TO e R
JF957662 TO ———— el
JF957663 TO — 17 16

JF957668 TO

74, JF957669 TO

JF957666 TO

JF957665 TO
JF957667 TO

AM418541 PK

EU516323 IN
AY948439 IN

m&

(hLL

|
|

z
|

Phylogenetic tree key

— South Pacific phylogenetic group
= Asian phylogenetic group
—ABTV

:

M4

EF546811 MY — I 12 I VAN NNV .

T
Inter component recombination key
South Pacific DNA-R Il Asian DNAS
Il South Pacific DNA-S [l Asian DNA-N
M ABTV-PHDNAR Unknown
ABTV-MY DNAR
[l DNAN
AF418473_WN,
AY450396_CN,
AF416472_WN

T
Inter & intra component recombination key
MDNAMI [DNAMV ABTVMI
MDNAMII FIDNA-MVI IABTV-MII
[ DNA-M 111 [l DNA-M VII I Unknown
[l DNA-M IV K Ancestral Asian DNA-M

Breakpoints per 50 nt window

Common region stem-loop
Common region major
Open reading frame

Non coding region

CR-SL CR-M
R ] \
s I >
c Im I
N I N .
v I
u3
14.0 }
105 F
70 F
35 F
00 F I
1 270 540 810 1080

Nucleotide position

in relation to N_AY948438_IN
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Nanovirus

Parvovirus
P1 P2
S < . F A i [T
ns1 vp1
-~ ParvoAAV [NC_001729 ] (5.1 kb, 70/316)

NanoBBTVR NanoBBTVS NanoBBTVM NanoBBTVN NanoBBTVC

[EF546807] [AB113661] [JF957665] [AF238879] [EF520722] P1 P3
(11 kb, 31/76) (1.1 kb, 49/80) (1.1 kb, 32/71) (1.1Kb, 19/83) (1 kb, 24/69)

I nst vp1
Geminivirus — —

repA

(2.7 kb, 31/195)

repa (26 Kb, 47/179)

GeminiTYDV-CpCV [JN989413]

£

(2.8 kb, 21/167)

(2.8 kp, 25/173)

GeminiTYLCV [EU847740]

GeminiEACMV [AJ717558]

= >
6 (2.7 kb, 30/183)

(2.8 kp, 16/190)

GeminiMYVYV [EF185318]

ParvoHBoV [FJ170279] (5.3 kb, 105/325)

P1 P2

ns1 vp1 v21

ParvoMPV [NC_004713] (5.3 kb, 132/321)

Circovirus

o (2kb, 5/139) rep

CircoPCV [DQ915583] CircoCoCV [AF252610] CircoDGCV [GQ423741]

Anellovirus

ORF2 ORF2

(2.9 kb, 20/198) (2.9 kb, 27/195)

AnelloTTSuV1 [AY823990]

AnelloTTSuV2 [GU570207]

(4.1 kb, 78/260)

AnelloTTV [AF351132]




« Purifying selection is apparently strongest at paired-nucleotide

) sites
il °© Synonymous substitution rates are unusually low at paired
efd . .
O genomic sites
E « Short-term evolution experiments - mutations tend to
"(7') preferentially accumulate at unpaired sites
> B Base-paired sites tend to complementarily coevolve
-
_(g ©®@ @®©%2405 ®©@“@®%m
© @ S @@ 2 @©@ . nonymous omplementar
C M% % 24“%%‘@@(9(@2%2@...@@ ?Li/bstitﬁtion rates 8oevr<))||utiontp—\¥alue
O 22 l-o,oo -0.000
O e9 @ & -0.33 -0.008
qJ o) za%% : -0.67 -0.017
N ® -1.00 -0.025
© © ® @ 133 -0.033
CircoBFDV ParvoHBoV -1.67 -0.042
Location [1097-1121] Location [2387-2435] 200 -0.050

Rep-IR-cp IR-np1




Circoviruses
BFDV Beak and feather disease virus

P 000nts P

“Cocky "BENNETT.
SEABREEZE HOTEL
TOM UGLY S /
AGE /5. SEFPT

7))
D
92
-
-
>
O
O
bl

6

- 1
( ) “Cocky Bennett,” a sulphur-crested Austra- 2

lian cockatoo, died on Friday in bis 120tk

year at Canterbury. This age is a record in 35

longevity for an Australian parrot so far as mﬁ] 4

the officlal records are concerned. For many

vears ('2is bird was In the possession of Mrs. 1

Sarab Bennett, the licensee of the Soa Breeze

Hotel, at Tom Ugly's Point. When she left Iz 17

there, about 12 months ago, she transferred P

the parrot to her nepbew, Mr. Murdoch Alex- N 7

ander Wagschall, at Woolpack Hotel, Canter-

bury. The old bird was absolutely featherless

for the last 20 years, but it malptained its 2

“patter” till the day before its death. 6

“Cocky Bennett’” was a great traveller, and NZL

is said to have journeyed seven times round

the world. Mr. Wagschall has arranged to 2

bhave the remains of this historic parrot pre-

served by a taxidermist.

—————————
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Recombinant(s)

BFDV Beak and feather disease virus

Baltic sea

Germany

Czech Republic

Virus strain

Russia

(>Koszalin

Poland

{>Bydgoszcz

o

< Poznan

(";Koscian
651
> Wioszakowice

(" iOstrow Wielkopolski

OH®Y
(OWroctaw

a0 -
(Czestochowa
> Opole
Tamowskie Gory
(1]

(Katowice
) Krakow

(1]
O Rzeszow

(8Bucha Beskidzka
{>Nowy Sacz
(]

Slovakia

Lithuania

Ukraine

Belarus

. —
H
—
o = :
- Scientific name Common name Number  Number  Virus
N tested positive  strain
> ‘ m Agapornis sp. Lovebirds 6 0 & @
Alisterus scapularis Australian King Parrot 4 2
m I | 12 | Amazona aestiva Blue-fronted Amazon 5 1 o
Amazona amazonica Orange-winged Amazon 2 1
‘ 12| Amazona barbadensis Yellow-shouldered Amazon 3 0
‘ ‘Amazona ochrocephala Yellow-fronted Amazon 2 0
- Amazona sp. Amazon Parrot 2 0
U A Red-winged Parrot 4 2 [a)
‘ “: Ara ararauna Blue and Yellow Macaw 17 0
C ‘ “ Ara chioroptera Red and Green Macaw 8 0
Ara macao Scarlet Macaw 3 0
’I Aratinga Blue-crowned Conure 1 0
Barmardius bamardi Mallee Ring-necked Parrot 8 0
m ‘ -_: zonarius Port Lincoln Parrot 2 0
l -— Cacatua alba White Cockatoo 1 1
L- “ “ Cyanoliseus patagonus Patagonian Conure 1 0
- — Diopsittaca nobifis Red- Macaw 2 0
@ ‘ Eclectus roratus Eclectus Parrot 1 0
[ Elophus Galah 8 0
Forpus coelestis Pacific Parrotlet 1 1 @®
C \ -
undulatus Budgerigar 13 9 [wlw]w
N —— _ “ Pionites Black-headed Caique 1 0
‘ E Platycercus elegans Crimson Rosella 4 2 * &
‘ Platycercus eximius Eastem Rosella 2 1 )
Poicephalus robustus Cape Parrot 1 1 ©
' ' | 15 | | Poicephalus senegalus Senegal Parrot 65 2 @
‘ __ Probosciger aterrimus Palm Cockatoo 1 0
N — Propymhura maracana Blue-winged Macaw 2 0
Ln Psephotus sp. Grass Parrots 2 0
.m Psittacula alexandri Red-breasted Parakeet 3 0
Psittacula cyanocephala Plum-headed Parakeet 2 0
Psittacula derbiana Lord Derby's Parakeet 1 0
w7 B 5 | 12 I Psittacula eupatria Alexandrine Parakeet 3 2 &S
s W Psittacula krameri Ring-necked Parakeet 32 9 D
Psittacus erithacus African Grey Parrot 52 9 111
E‘J T Rainbow Lorikeet 3 0
| | Total 209 43



Animal faeces Mosquito samples m— Rep e CP

. m—— RepA Intron
Blood Mycelial samples P
Buccal and cloacal swab Pharyngeal & rectal swabs
N Cerebrospinal fluid Plasma SSHADV-1 DfasCV-1
D Cervical sample Rectal swab 2166 nt 2ezont
) |nsectabdomen River sediments \
3 Leaf materlal Serum Isolation source
mmm Animal faeces
= Sewage Animal blood
> Bat pharyngeal and anal swab
] aLRT branch support mmm Bird buccal and cloacal swab
O % ©>95% Human
080-95% mmm INSECt
E .O| “ {‘ m=m Plant material
S s River sediments
O 2 mmm Sclerotinia sclerotiorum
S mmm Sewage
- : MH ‘ ﬁ? i ‘




.u.n-ﬂlu-v ﬁ.\.ﬂm_-i I..M.u.i”nl‘. ﬂnﬂ_ l‘

CP

fasCV-1
2225 nt

— Cp
Intron
(

— Rep
m— RepA

SsHADV-1
2166 nt

S9SNJIANOWOUDL)
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KnTe-1-5
07 2

Age  Cryogenically preserved
(Year) ancient caribou feces

Metagenomic PCR PCR
Analysis  Confirmation Confirmation

Ice core and depth

50

18° Jenonice contact
70 Negafive  |50-98cm loe
1004 22 Negafive ]8-106om lce

Negatve 106-177cm Ice

-
o
(=}

18

AW AL TH- AT 7

259)

250

Depth (cm)

AnYCV ]177-184cm lee

70040 ANCEV ANCEV  AnvCV Jiestibomioe

1920 =40 Negative

2920 +40 NoVirus  Negative

0.5 amino acid substitutions per site

irus [JQ898332 .
f‘]ephawus [JQ898333]

n
FaBmV-12 [KF371630
FasaV 1T :
FaGmV-13
FaGmV-10 xr371632)
Pm— 4L
aGmV-9 [kF371633)
- aCV-3 ux185428)
FaGmV-8 [kF371634)
DfaCV-1 [yx185430]
FaGmV-7 [KF371635)
MvemV [HQ335086)
FaGmV-b [KF371636]

SsHADV-1 [6Q365709)
—O—FD\‘aCV— [IX185429)
CasCV Ja412057]

FaGmV-5 [kF371637]

FaGmV-4 [kF371633)
FaGmV-1 [KF371643]
FaGmV-2 [KF371640]
FaGmV-3 [KF371639)

Baminivirus [}Q898331]
GCFaV pag01105)
FbSLCV [Jx094280)
EcmlV [HF921459)
ECSV [F665632)
TSLCV [aF1304
SpSCT, %V IG

CCDaV 11092049:1] )
BC
ThYDV Ma1103)

MSV [AF329881]

ANCFV
2231 nt

SasnJAowWousD

RepA

FaGmCV-13
2622nt

Rep

sesnIALIWe)

Origin
— Caribou feces

—— Various feces
aLRT branch support Insects

® >90% Fungi
O 80-90% Possible plant / fungi
—— Mocot and dicot plants

Kpnl (2026)

AnCFV 1.3-merin

2501 26 3070 £40 NoVius  Negative
3230 +40 NoVirus Negative
Legend
[Z] snow
- 7] fim
- ] ubbly ice (various colours)
13°) 1
3001 = %0 240 Negatie 7] clear ioefice lenses
e 3870 40 Negabve -
1 caribou feces
4220 40 Negatve . )
.. sediment inclusions
== pedock
AMS radiocarbon date
+ 90% Cl shown
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CRESS DNA virus CPs / hypothetical proteins
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CRESS DNA viruses

Circoviruses
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Ecogenomics and potential biogeochemical impacts
of globally abundant ocean viruses
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